Proximal spinal muscular atrophy (SMA), one of the most common genetic causes of infant death, results from the selective loss of motor neurons in the spinal cord. SMA is a consequence of low levels of survival motor neuron (SMN) protein. In humans, the SMN gene is duplicated; SMA results from the loss of SMN1 but SMN2 remains intact. SMA severity is related to the copy number of SMN2. Compounds which increase the expression of SMN2 could, therefore, be potential therapeutics for SMA. Ultrahigh-throughput screening recently identified substituted quinazolines as potent SMN2 inducers. A series of C5-quinazoline derivatives were tested for their ability to increase SMN expression in vivo. Oral administration of three compounds (D152344, D153249 and D156844) to neonatal mice resulted in a dose-dependent increase in Smn promoter activity in the central nervous system. We then examined the effect of these compounds on the progression of disease in SMN lacking exon 7 (SMND7) SMA mice. Oral administration of D156844 significantly increased the mean lifespan of SMND7 SMA mice by 21-30% when given prior to motor neuron loss. In summary, the C5-quinazoline derivative D156844 increases SMN expression in neonatal mouse neural tissues, delays motor neuron loss at PND11 and ameliorates the motor phenotype of SMND7 SMA mice.
INTRODUCTION
Proximal spinal muscular atrophy (SMA) is an autosomal recessive neurodegenerative disease characterized by selective loss of a motor neurons in the anterior horn of the spinal cord (1) . This leads to atrophy of limb and trunk muscles. In humans, the survival motor neuron (SMN) gene is duplicated and the two SMN genes (SMN1 and SMN2) differ by a single nucleotide (C ! T) within an exon splice enhancer of exon 7 (2, 3) . SMN1 transcripts produce full-length SMN (FL-SMN) protein. Most of the transcripts from SMN2 lacking exon 7 (SMND7) and therefore produce SMND7 protein; however, 10-20% of SMN2 transcripts are correctly spliced and produce FL-SMN protein. SMA results from deletions or mutations of the SMN1 gene; the SMN2 gene remains intact (4) . The severity of disease in SMA depends on the copy number of SMN2 and the levels of SMN protein (5 -7) .
Mice carry only one SMN gene (mSmn) which is orthologous to SMN1 in humans (8, 9) . Loss of mSmn results in embryonic lethality (10) . Conditional knockdown of mSmn in neurons, muscle and hepatocytes also leads to death of those cells (11 -13) . Antisense morpholino-mediated reduction of SMN protein levels in zebrafish causes truncation of axons followed by excessive branching before reaching their target (14) . Loss of functional SMN in the fruit fly leads to neuromuscular abnormalities and a progressive loss of motility and coordinated movement before death in the late larval stage (15 -17) . Deletion of the nematode orthologue of SMN (cSmn) leads to reduced locomotor activity and premature death (18) . These studies suggest that SMN is essential for cell function and survival.
Transgenic insertion of SMN2 into a mSmn null background in mice rescues the embryonic lethal phenotype (19) . mSmn null mice with low SMN2 copy numbers (i.e. 2) develop severe (type I-like) SMA and die at 6 -8 days (19, 20) . mSmn null mice with higher copy numbers (i.e. 8), on the other hand, are normal when compared with non-transgenic littermates (19) demonstrating that the SMN2 gene product can correct the SMA phenotype. Enhancing the inclusion of exon 7 in SMN2 transcripts with a bifunctional U7 snRNA markedly improves the survival of severe SMA mice (SMN2 þ/þ ;mSmn 2/2 ) (21). Severe SMA mice that also contain an exon 7-lacking SMN (SMND7) develop a less severe SMA phenotype and these mice die at 14-15 days (22) . These transgenic experiments show that modulating SMN2 as well as SMND7 levels can be beneficial to SMA mouse models.
Over the years, a number of groups have identified SMN-inducing compounds using cultured fibroblasts derived from SMA patients. Some of these compounds include aclarubicin (23) , butyrate (24), 4-phenylbutyrate (25) , valproic acid (26 -28) , hydroxyurea (28 -30) , indoprofen (31) , interferons-b and -g (32) , forskolin (33) , ortho-vanadate (34) , cantharidin (35) , tautomycin (35) , aminoglycosides (36, 37) , resveratrol (38) , suberoylanilide hydroxamic acid (39) and M344 (40) . Many of these compounds would not make good therapeutic agents since high concentrations (micromolar and, in some cases, millimolar levels) are required to increase SMN expression, these compounds are rapidly metabolized in vivo or are toxic and many are unable to cross the blood-brain barrier.
A recently published study (41) described a series of compounds that increased SMN promoter activity in a reporter gene cell line. One such compound was a C5-quinazoline that increased SMN promoter activity with an EC 50 ¼ 330 + 110 nM. This compound resulted in a 2.5-fold increase in the amount of FL-SMN mRNA, a 2 -3-fold increase in SMN protein and a 5-fold increase in the number of gems-SMN-containing subnuclear foci (or bodies)-in a fibroblast cell line derived from an SMA patient. Through a focused medicinal chemistry effort, a series of modified C5-quinazolines have been designed so as to more potently induce SMN2 promoter activity, increase SMN protein levels and more easily penetrate the blood-brain barrier [ Fig. 1 and Table 1 ; (42)]. One such compound, a piperidine 2,4-diaminoquinazoline known as D156844, was highly potent (EC 50 ¼ 4 nM) at activating SMN2 promoter activity with a maximal response of 2.3-fold (42) . D156844 also increased SMN protein levels in SMA patient fibroblast cultures and increased the number of intranuclear, SMN-containing gems to levels observed in SMA carrier fibroblasts. Recently, screening a protein microarray with 125 I-labeled potent C5-quinazoline derivatives resulted in the identification of mRNA decapping scavenger enzyme (DcpS) as the cellular protein target of D156844 (43) .
In this study, we examine the efficacy of 2,4-diaminoquinazolines as SMN inducers in the central nervous system of mice and as therapeutic candidates for SMA. Three quinazoline derivatives were selected-D152344, D153249 and D156844 (Fig. 1 )-based on their SMN promoter induction activity (Table 1) , pharmacokinetics in adult mice and blood-brain barrier penetration. Each of the three compounds was derived from successive rounds of optimization with the last compound, D156844, being the most highly optimized. D152344 and D153249 were earlier compounds with a known major off target activity that led to a cellular liability (42) . These three compounds were tested in SMND7 SMA mice (SMN2 þ/þ ;SMND7 þ/þ ;mSmn 2/2 ) (22,44) for their ability to improve the SMA motor degenerative phenotype and to increase the lifespan of affected mice. One derivative, D156844, increased SMN protein levels in the spinal cord, ameliorated the SMA motor phenotype and improved the survival of SMND7 SMA mice when administered prior to the onset of motor neuron loss.
RESULTS

2,4-Diaminoquinazoline derivatives cross the blood-brain barriers of neonatal mice to increase Smn expression in the central nervous system
A series of 2,4-diaminoquinazoline derivatives were recently generated and tested for their induction of SMN2 promoter activity as well as their oral bioavailability and blood-brain barrier penetration (42) . Three compounds were identified as lead candidates: D152344, D153249 and D156844 (Fig. 1) . Pharmacokinetic studies conducted in adult rodents indicated that all compounds were orally bioavailable and distributed into the brain. Since SMA is a childhood motor neuron disease and the model of choice for testing the effectiveness of these therapeutic candidates is the neonatal SMND7 SMA mouse (22) , we wanted to determine the pharmacological properties of these compounds in neonatal mice. The maximum tolerable doses (MTDs) for these three compounds were first determined in SMND7 carrier (SMN2 þ/þ ;SMND7 þ/þ ;mSmn þ/2 ) mice. These mice received Figure 1 . The chemical structures of the three 2,4-diaminoquinazoline derivatives (D152344, D153249 and D156844) that were used in these experiments. These compounds are labeled as 5b, (S)-7a and 11a, respectively, in Ref. (42) . Table 1) . Sera and forebrain extracts from neonatal mice treated with these drugs were collected for bioanalyses using liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS). All three of the compounds tested were orally bioavailable and crossed the blood-brain barriers of neonatal mice. D152344 exhibited a linear increase in exposure with dose in both serum (dashed line) and brain (solid line in Fig. 2A ) whereas serum and brain D153249 levels (Fig. 2B ) exhibited a hyperbolic relationship between dose and exposure. Brain D156844 levels increased with administered dose in a linear manner at lower doses whereas serum D156844 levels were low and fairly constant (Fig. 2C) . The central nervous system (CNS) clearance (ratio of brain to serum drug levels) of D156844 was much higher (9) than it was for either D152344 (1.5) or D153249 (2.6). On the basis of these observations, all three quinazolines were tolerable at low milligram/kilogram doses in neonates and were able to traverse the blood-brain barrier with exposure predicted to reach efficacious doses as predicted by in vitro activity (42) .
We examined the effect of D152344, D153249 and D156844 on Smn expression in vivo using neonatal mice. In the mSmn knockout cassette, a LacZ:NeoR cassette was inserted into mSmn exon 2A to nullify the production of mSmn protein (19) but also places the LacZ reporter gene under the control of the mSmn promoter. b-galactosidase activity was used to monitor SMN promoter activity since the promoter region of mSmn is very similar to those of human SMN1 and SMN2 (45) (46) (47) (48) . The data were expressed relative to b-galactosidase activity of vehicle-treated mice. Treatment of neonatal mice with D152344 (Fig. 2D ) and D153249 (Fig. 2E ) for 5 days resulted in a dose-dependent increase in b-galactosidase activity in forebrain and spinal cord extracts. There were no significant changes in b-galactosidase activities in non-CNS tissues at any of doses tested (data not shown). Treatment of mice with D156844 increases mSmn promoter activity in forebrain and spinal cord extracts in a dose-dependent manner to a maximum at 3 mg/kg/day; mSmn promoter activity then decreased with increasing dose of D156844 (Fig. 2F) . On the basis of these observations together with the MTD analysis, the optimal doses for D152344 and D153249 in neonatal mice are 30 mg/kg/day although the optimal dose for D156844 is 3 mg/kg/day. D156844 increases SMN protein levels in the spinal cords of SMND7 SMA mice As D156844 increases SMN protein expression in cultured fibroblasts (42) , mSmn mRNA levels in NSC34 neuroblastoma cells (43) and mSmn promoter activity in vivo in the CNS (Fig. 2F) , we examined SMN expression in response to D156844 treatment. In all of the experiments examining changes in SMN expression, tissue extracts from PND08 (treating mice for 5 days beginning at PND04) mice were used. This time point was chosen for monitoring changes in SMN expression because there is very little motor neuron loss at this time (22) so there is a greater likelihood that increased SMN RNA/protein levels are the result of increased SMN expression and not due to increased cell numbers.
Using real-time RT -PCR, the amounts of FL-SMN and exon 7 lacking SMN (SMND7) mRNAs-derived from the SMN2 and SMND7 transgenes-were examined in total spinal cord RNA from SMND7 SMA mice treated for 5 days with either D156844 or vehicle. The primers used for real-time RT-PCR are specific to human SMN and do not cross-hybridize with mSmn. Unexpectedly, we did not detect an increase in FL-SMN (Fig. 3A) or SMND7 (Fig. 3B ) mRNAs in response to D156844 treatment.
The effect of D156844 treatment on SMN protein levels were also examined in the spinal cord of SMND7 SMA mice. As shown in Figure 3C , treatment of SMND7 SMA mice with D156844 for 5 days (n ¼ 3/group) resulted in a reproducible but non-statistically significant 1.7-fold increase in SMN protein levels in spinal cord extracts (Fig. 3D ). D156844-treated SMND7 SMA mice have spinal cord SMN proteins that are 25% of the levels observed in SMND7 carrier mice.
It has been suggested that the primary defect in SMA is the reduction of snRNP assembly (49, 50) . We have recently observed that snRNP assembly is reduced in severe SMA (SMN2 þ/þ ;mSmn 2/2 ) mice and that the magnitude of reduction in snRNP assembly correlates with phenotype severity in SMA mice (50) . Treatment of SMND7 SMA mice with D156844 for 5 days (from PND04 until PND08) resulted in a reproducible but non-statistically significant 1.5-fold increase in spinal cord snRNP assembly activity relative to vehicletreated mice (Fig. 3E ).
D156844 improves the survival and motor phenotype of SMND7 SMA mice
Since these 2,4-diaminoquinazoline derivatives can cross the blood-brain barrier of neonatal mice to increase Smn expression The kinetic values are taken from (42) .
in the CNS, the effects of these three compounds on the survival and phenotype of SMA mouse models were examined. The SMND7 SMA mouse (SMN2 þ/þ ;SMND7 þ/þ ;mSmn 2/2 ) model was used in these experiments because their phenotype and pathology strongly resemble what is observed in SMA and these mice provide a reasonably rapid measure of therapeutic benefit since they only live on average for 13.6 + 0.2 days (22, 44) . D152344, D153249 and D156844 were administered to SMND7 SMA mice via oral delivery beginning at PND04. Neither D152344 (30 mg/kg/day, b.i.d.; x 2 ¼ 1.736, P ¼ 0.188) nor D153249 (10 mg/kg/day, b.i.d.; x 2 ¼ 0.001, P ¼ 0.976) affected the average lifespan of SMND7 SMA mice [survival for D152344 was 14.8 + 0.6 (n ¼ 5) versus 13.6 + 0.4 (n ¼ 5) for D153249 versus 13.0 + 0.8 (n ¼ 7) for vehicle]. These two compounds have off-target activities towards DHFR (42) .
SMND7 SMA mice also received D156844 (3 mg/kg/day) beginning at PND04 and continued to receive drug for the duration of their lives. Drug-treated SMND7 SMA (n ¼ 14) lived, on average, 21% longer than vehicle-treated (n ¼ 15) SMND7 SMA mice ( This effect was lost when SMND7 SMA mice were treated starting at PND09 ( Fig. 4B ; grey dotted line, 14.9 + 0.4 versus 14.0 + 0.4 days; x 2 ¼ 2.829, P ¼ 0.093). Even though the onset of body mass loss was delayed in D156844-treated mice, their body mass curve (black triangles) was not different from the body mass curve of vehicle-treated (black circles) mice (Fig. 4C ).
SMND7 SMA mice develop a progressive impairment of neonatal motor behaviors including loss of surface righting and reduced spontaneous locomotion (44) . Since D156844 improves the survival of SMND7 SMA mice when administered prior to motor neuron loss, the effect of this quinazoline on the SMA motor phenotype was examined. Gross observation of D156844-treated SMND7 SMA mice shows an improvement in motor activity when compared with vehicletreated mice (Supplementary Material, Movie). Surface righting reflex responses are impaired in SMND7 SMA mice; treatment with D156844 partially reduces the righting reflex latency (Fig. 5A ) but this reduction is not statistically significant. When comparing the righting reflex latencies between SMND7 SMA and non-SMA mice, however, the difference between SMND7 SMA and non-SMA mice is no longer significant (P ¼ 0.906) in D156844-treated mice at PND11 but is significant in vehicle-treated mice (P ¼ 0.005). This observation suggests that D156844 does partially ameliorate surface righting reflex response impairments in SMND7 SMA mice. Vectorial movement latency is the amount of time it takes a neonatal mouse to move in one direction a distance that is greater than its body length (44) . Vectorial movement latency is significantly reduced in D156844-treated SMND7 SMA mice relative to vehicle-treated SMND7 SMA mice at PND11 and PND14 (Fig. 5B) .The vectorial movement latency, however, is still longer in D156844-treated SMND7 SMA mice than in carrier mice. Spontaneous locomotor activity-measured by counting the number of grids crossed in an area within 1 min-is significantly improved in D156844-treated SMND7 SMA mice at PND11 when compared with vehicle-treated SMND7 SMA mice (Fig. 5C) . Likewise, pivoting responses, another measure of spontaneous activity, are also ameliorated in D156844-treated SMND7 SMA mice (Fig. 5D ). Taken together, these behavioral observations show that treatment of SMND7 SMA mice with D156844 prior to motor neuron loss partially ameliorates the SMA motor phenotype.
SMND7 SMA mice have a progressive loss of motor neurons in the lumbar spinal cord starting at approximately PND09 (22) . The effect of D156844 administration on the number of motor neurons in the lumbar spinal cord was examined. Dosing of SMND7 SMA mice began at PND04 and continued daily until PND11. Representative sections from carrier mice as well as from SMND7 SMA mice treated with vehicle or D156844 are shown in Figure 5E , F and G, respectively. At PND11, vehicle-treated SMND7 SMA mice have 41% fewer motor neurons in the lumbar spinal cord than carrier mice ( Fig. 5H ; 115 + 2 versus 195 + 6; P , 0.001). D156844-treated SMND7 SMA mice, however, have motor neuron counts at PND11 similar to those observed in carrier mice (203 + 8 versus 195 + 6; P ¼ 0.368). Treatment with D156844 starting at PND04, therefore, prevents the loss of motor neurons at PND11.
Prenatal administration of D156844 further improves the survival of SMND7 SMA mice
Transgenic mouse studies have shown that increasing SMN levels in prenatal SMA mouse neurons (beginning at embryonic day 13) ameliorates the motor phenotype of SMA mice (51) . In order to assess whether prenatal administration of D156844 will further improve the survival and motor phenotype of SMND7 SMA mice, we must first determine whether this compound can cross the placental barriers to reach the CNS of fetal mice. Timed-pregnant SMND7 carrier dams were treated orally with differing doses of D156844 (0-60 mg/kg/day) beginning at embryonic day 11 (ED11). After 5 days of treatment, the prenatal pups were dissected and analyzed for D156844 drug levels. As shown in Figure 6A , there is a dose-dependent increase in D156844 levels in fetal brain extracts suggesting that this compound can traverse the placental barriers to reach the fetal CNS. mSmn promoter activity, i.e. b-galactosidase expression, was also examined in these fetal brain samples. b-Galactosidase activity in fetal brain extracts was increased 2-fold in D156844-treated mice at all doses tested (Fig. 6B) . . snRNP assembly activity is measured by the amount of 32 P-labeled U1 snRNA precipitated by antibodies against snRNP proteins (Sm proteins) as a consequence of SMN-dependent Sm core formation taking place in vitro using spinal cord extracts (50, 69) . snRNP assembly activity is expressed relative to that observed in age-matched carrier mice.
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As D156844 is able to penetrate the blood-brain barrier and cross the placenta, we wanted to determine the effect of administration of D156844 on the survival of SMND7 SMA mice when the drug is administered during prenatal development. Timed-pregnant SMND7 carrier dams mice were treated with either D156844 (3 mg/kg/day) or vehicle beginning 11 days after coitus (ED11). Treatment continued through birth and was orally administered once the pups were born. Prenatal administration of D156844 (n ¼ 16) increased the average lifespan of SMND7 SMA mice by 30% when compared with vehicle-treated (n ¼ 17) SMA mice ( Fig. 7A; black dashed 61) . Although prenatal and postnatal administration of D156844 appears to increase the survival of SMND7 SMA mice to a greater extent than only postnatal D156844 administration, the difference was not statistically significant (x 2 ¼ 2.577; P ¼ 0.108). Prenatal and postnatal administration of D156844 to SMND7 SMA mice delayed the onset of body mass loss by 15% ( Fig. 7B ; black dashed line, 12.1 + 0.4 versus 10.5 + 0.3 days; x 2 ¼ 9.016, P ¼ 0.003). Interestingly, treating SMND7 SMA mice with D156844 only during the prenatal period resulted in a small delay (10%) in the onset of body mass loss ( Fig. 7B ; grey dotted line, 11.6 + 0.2 versus 10.5 + 0.3 days; x 2 ¼ 5.056, P ¼ 0.025). SMND7 SMA mice treated prenatally and postnatally with D156844 tended to have larger body masses (black circles in Fig. 7C ) than those of vehicle-treated (black triangles in Fig. 7C ) SMND7 SMA mice especially after PND11.
DISCUSSION
These experiments suggest that increasing SMN expression in the spinal cord can improve the phenotype of mouse models of SMA and that survival is the most sensitive indicator of changes in SMN expression in the SMND7 SMA mouse. A low increase in SMN protein does impact the SMA phenotype in mice. The protective effect of D156844-mediated increase in SMN expression is similar in magnitude to that observed with lentivirus-driven SMN gene replacement in SMND7 SMA mice (52) . Densitometric analysis revealed that D156844 increases SMN protein expression in spinal cord extracts from SMND7 SMA mice by 1.7-fold ( Fig. 3C and  D) . This change in SMN protein levels is similar to the fold change observed in response to trichostatin A (TSA) treatment (53, 54) . One difference between the TSA studies and this study is that we examined changes in SMN protein expression at PND08-prior to the onset of motor neuron loss (22)-although the TSA studies monitored changes in SMN expression after the onset of motor neuron loss [PND10 and PND14 using our nomenclature for mouse age; (53, 54) ]. There is significant motor neuron death in the spinal cords of these mice at the time points examined in the TSA studies. TSA treatment increases motor neuron counts in the spinal cord (53,54) so it remains uncertain whether the changes in SMN protein levels observed in response to TSA treatment are truly due to increased SMN expression in a cell (presumably a motor neuron) or due to the increased The advantage of measuring changes in SMN levels at PND08 is that there is very little motor neuron loss at this time (22) so there is a greater likelihood that increased SMN RNA/protein levels are the result of increased SMN expression and not due to increased cell numbers. Treatment of SMA mice beginning at PND04 has a marked effect on phenotype and prenatal administration of this drug has a larger effect on survival of SMND7 SMA mice. If treatment with D156844 begins after the onset of motor neuron loss in SMND7 SMA mice, there is no improvement in motor phenotype or survival. Prenatal treatment alone does not result in improved survival. Severe SMA mice that also harbor a SMN transgene driven by the prion protein promoter-which activates expression in neurons during early prenatal development (ED13)-show no signs of neurodegeneration (51) . Treatment of SMND7 SMA mice with TSA improves the survival of these mice if drug treatment begins prior to motor neuron loss (53, 54) . These observations suggest that there may be an optimal window of therapeutic opportunity (Fig. 8) for SMN induction in SMA. This window of therapeutic opportunity will become very important for the design of clinical trials in SMA using SMN inducers. The identification of SMA patients as soon as possible using newborn genetic screening (55) will be the most effective means to treating these patients with an SMN inducer.
We have shown here that treatment of SMND7 SMA with D156844 ameliorates some aspects of the motor neuron disease phenotype, prevents motor neuron loss at PND11 and significantly increases the survival of these mice. This compound increases SMN protein expression and function, i.e. snRNP assembly, in spinal cord extracts from SMND7 SMA mice but these changes are not statistically significant. How can we account for the discrepancy between a statistically non-significant increase in SMN protein levels and a significant improvement in the SMA phenotype in these mice? One possible explanation for this discrepancy is a result of the limited sensitivities of the assays used to monitor changes in SMN expression in vivo. Due to the inherent limited sensitivities of these assays, large samples sizes would be required to reach statistical significance when real but small changes in SMN expression are observed.
A second possible explanation may relate the heterogeneous nature of the tissue we examined for changes in SMN expression and activity. The spinal cord is composed of many different types of cells including motor neurons, interneurons, sensory neurons, astrocytes, oligodendrocytes and microglia. D156844 may markedly increase SMN expression in motor neurons but only have a modest effect on SMN expression in other cells types. In our assays using whole tissue extracts, this putative marked increase in motor neurons may be blunted by the minimal putative changes in SMN expression in these other cell types. Future experiments can determine if D156844 differentially affects SMN expression in specific cell types.
The target for D156844 may offer a third possible explanation for the discrepancy between changes in SMN protein expression and changes in survival of SMND7 SMA mice. Protein microarray scanning was recently used to identify DcpS, a scavenger mRNA decapping enzyme, as the binding target for C5-substituted 2,4-diaminoquinazolines such as D156844 (43) . DcpS has a 3 0 ! 5 0 exonuclease activity that removes the residual 5 0 7-methylguanosine cap from degrading mRNAs (56) . C5-quinazolines such as D156844 are potent allosteric modulators of DcpS activity that hold the dimer in an open but catalytically inactive conformation (43) . How this inhibition leads to increased SMN production is unclear. Inhibition of DcpS may increase SMN2 transcription, stabilize SMN2 mRNA, alter splicing of SMN2 pre-mRNAs or influence the translation of SMN2 mRNA transcripts through both direct and indirect mechanisms. Ongoing experiments will identify the DcpS activity critical to enhancing SMN levels and determine if inhibition of DcpS directly will ameliorate the phenotype of SMA models. Additionally, it is possible that the phenotypic improvement of SMND7 SMA mice treated with D156844 may result from DcpS inhibition independent of alterations in SMN expression. Future experiments will address this question by determining if DcpS inhibition by D156844 can improve the phenotypes of other models for motor neuron disease such as the SOD1(G93A) transgenic mouse-a commonly used model for familial amyotrophic lateral sclerosis.
Treatment of SMND7 SMA mice with D156844 significantly prevents motor neuron loss in the ventral horn of the spinal cord at PND11 (Fig. 5E-H) . In fact, motor neuron cell body counts in the lumbar spinal cord of D156844-treated SMND7 SMA mice at PND11 are the same as those observed in carrier mice. Even though there is a marked increase in motor neuron numbers at PND11, D156844 increases the average lifespan of SMND7 SMA mice by 21 -30% depending on when dosing starts. Treatment of D156844 may delay motor neuron loss in SMND7 SMA mice but may not prevent it. A detailed examination of changes in motor neuron numbers in the lumbar spinal cord of D156844-treated SMND7 SMA mice over time would address this hypothesis. Another question that arises is whether or not the motor neurons in D156844-treated SMND7 SMA mice are functional. On the basis of observations where D156844-treated SMND7 SMA mice have improved locomotor activity at PND11, we would suggest that these motor neurons are at least partially functional at PND11. We (22) and others (57 -59) have shown that there is a progressive loss of innervation in neuromuscular junctions of SMND7 SMA mice Future experiments examining changes in neuromuscular junction morphology and innervation status would help determine if the motor units from D156844-treated SMND7 SMA mice exhibit any amelioration relative to vehicle-treated SMND7 SMA mice.
The first two compounds tested, D152344 and D153249, did not improve the survival of SMND7 SMA mice even though they were able to induce mSmn promoter activity in vivo. Profiling the compounds in assays of cellular toxicity revealed that both compounds strongly depleted cellular ATP levels. Chemical substructure searches revealed that the 2,4-diaminoquinazoline moiety of the C5-quinazolines closely Figure 6 . CNS bioavailability and mSmn promoter activity in prenatal mice receiving D156844. (A) D156844 levels in prenatal mouse brains whose dams were dosed with differing amounts of D156844 (0-60 mg/kg/day; n ¼ 3/group) beginning at ED11.5. (B) b-Galactosidase activity-a marker for mSmn promoter activity-in the brains of mice whose dams received different doses of D156844 (0-60 mg/kg/day; n ¼ 3/group) beginning at ED11.5. The b-galactosidase activity at each dose was normalized to the activity of vehicletreated (0 mg/kg/day) samples. Key: Ã P 0.05 when compared with 0 mg/kg/ day-treated mice. 
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overlapped with the 2,4-diamino-6-pteridinyl core of methotrexate, a potent inhibitor of DHFR (42) . Methotrexate was used in cancer therapy but it can have neurotoxic effects in children (60) . Subsequent testing of D152344 and D153249 revealed that they were potent DHFR inhibitors. If the DHFR inhibitory activity is reduced (as is the case with D156844), then ATP depletion activity is also reduced (42) . The off-target inhibition of DHFR activity by D152344 and D153249 may explain the lack of protective effects these compounds have on SMND7 SMA mice. D156844 was designed not only to be a more potent activator of SMN expression but also to remove the off-target DHFR inhibitory activity and associated toxicity. As a result, this quinazoline derivative can increase SMN protein expression in the spinal cord of neonatal mice and improve the phenotype of SMND7 SMA mice. This observation underscores the fact that drug optimization needs to balance multiple compound properties simultaneously-such as enhancing target activity whereas eliminating off-target activity-in order to result in an efficacious drug. This study is the first reported small molecule SMN inducer that was identified by an ultrahigh throughput screen (41), chemically optimized for potency, oral bioavailability and blood-brain barrier penetration using ligand-based design strategies (42) and displayed therapeutic benefit to SMA mice. This hit-to-lead-to-preclinical candidate strategy has recently been successfully applied to the development of a potent and efficacious polyglutamine aggregation inhibitor (C2-8) which is a preclinical candidate for Huntington's disease (61, 62) . Indoprofen (31) and aclarubicin (23) were also identified as SMN inducers using chemical library screening but neither compound can cross the blood-brain barrier. Using a similar strategy to the one used for the optimization of D156844, potent, blood-brain barrier penetrant SMN inducers can be designed so as to develop additional preclinical candidates for SMA.
Previous studies have identified sodium butyrate (BA) (24) and TSA (53) as inducers of SMN expression in vitro that have beneficial effects on mouse models of SMA. Neither of these compounds are promising clinical candidates because of poor pharmacokinetics (BA), low oral bioavailability (BA and TSA) and toxicity (TSA). Both BA and TSA act as histone deacetylase inhibitors (63) . As the target for D156844 has been identified as DcpS, it is now possible to test these compounds in combination with D156844 so as to maximize SMN protein induction using different targets and to enhance the beneficial effects of these compounds in SMA. Initial data on the SMN2 promoter assay used to identify the quinazoline compounds indicates this combination therapy has an additive effect on reporter gene activity in this assay (41) .
In summary, we suggest that increasing SMN protein expression in the spinal cord can ameliorate the phenotype of SMND7 SMA mice if expression is induced prior to motor neuron loss. D156844 is the first reported compound that has been optimized for potent increase in SMN expression in the neonatal central nervous system, blood-brain barrier penetration and oral bioavailability. This study demonstrates the feasibility of drug discovery and optimization for the development of clinical therapeutic candidates for SMA and the validity of the use of SMA mouse models (64) for drug discovery. This study along with others (53, 54) also demonstrates that survival is the most sensitive indicator of therapeutic benefit in SMND7 SMA mice.
MATERIALS AND METHODS
Drug formulations
The syntheses of the 2,4-diaminoquinazoline derivatives 
Animals
For survival and phenotype analyses, SMND7 SMA mice (SMN2 þ/þ ;SMND7 þ/þ ;mSmn 2/2 ) were used (22) . These mice were generated from males and females with a
[line 4299; FVB.Cg-Tg (SMN2 Ã delta7)4299Ahmb Tg(SMN2)89Ahmb Smn1 tm1Msd ] genotype. These mice originated from our colony but can be obtained from the Jackson Laboratory (#005025). Breeder mice along with their pups were fed on a standard laboratory diet (Harlan-Teklad 22/5 rodent diet). Neonatal offspring were genotyped using a PCR-based assay on genomic DNA from tail biopsies as described previously (22) . Only pups of the genotypes
(carrier) and SMN2 þ/þ ;SmnD7 þ/þ ;mSmn 2/2 (SMA) were used in these experiments. All experiments were conducted in accordance with the protocols described in the National Institutes of Health 'Guide for the Care and Use of Animals' and were approved by the Ohio State University Institutional Laboratory Animal Care and Use Committee. D156844 (0.1 -30 mg/kg/day) or the appropriate vehicle beginning at PND04. Compounds were delivered via oral administration as described previously (65) . Drug treatment lasted for 5 days for the MTD analysis at which time the pups were euthanized 1 h after final dosing. Serum samples were taken and the brains were dissected and rapidly frozen in N 2(l) . Tail snips were also taken for genotyping.
Neonatal drug administration
Carrier and SMA littermate mice were treated with D152344 (30 mg/kg/day, b.i.d.), D153249 (10 mg/kg/day, b.i.d.), D156844 (3 mg/kg/day) or the appropriate vehicle via oral administration beginning at PND04-with birth being defined at PND01-or PND09 as described previously (65) . Mice were monitored daily for changes in body mass and for death.
Prenatal MTD analysis and drug administration
For prenatal drug administration, carrier dams received either D156844 (0.3 -60 mg/kg/day for MTD and 3 mg/kg/day for survival analysis) or vehicle via oral administration (65) beginning at embryonic day 11.5 (ED11.5). Drug treatment lasted for 5 days for the MTD analysis at which time the dams were euthanized 1 h after final dosing and the brains of the fetuses were dissected and rapidly frozen in N 2(l) . Tail snips from the fetuses were also taken for genotyping. Additionally, the forebrains of the dams were dissected and rapidly frozen in N 2(l) . For survival analysis, drug dosing continued through birth and the resultant pups were treated with D156844 or vehicle via oral administration beginning at PND02 until death; dosing of the dam ceased after PND01.
Behavior analysis
A cohort of drug-treated SMND7 SMA mice were assessed for changes in righting reflex success and latency, spontaneous locomotor activity and pivoting activity as described by Butchbach et al. (44) . For monitoring righting reflexes, each pup was turned onto its back and the time it takes to stably place all four paws on the ground was recorded (cutoff time of 60 s). Righting reflexes were assessed on PND07 and PND11. For spontaneous locomotor activity, each pup was placed in the center of a gridded (with 28 2.5-cm 2 grids) arena and the number of grids crossed in 1 min was counted as well as the latency for walking a distance greater than its body length (vectorial movement latency). For pivoting, each pup was placed in the center of a gridded arena and the number of times the pup turned 908 (pivots) during a 1-min time frame was counted. Spontaneous locomotor activity and pivoting were monitored on PND07, PND11 and PND14. To minimize the stress on the pup, the spontaneous locomotor activity and pivoting tests was conducted simultaneously.
Detection of drug levels
Serum and forebrain samples were obtained from neonatal mice treated with differing doses of each compound and processed as described in (42) . Drug levels were measured using LC-MS/MS. All pharmacokinetic parameters reported were calculated using WinNoLin (version 5.0). Protein concentrations were measured for each sample after LC-MS/MS analysis; serum and forebrain drug levels were expressed as nanogram/milligram protein.
For detection of D152344, the LC-MS/MS system consisted of an Hitachi L6200 gradient pump used for regeneration and trapping, HP1100 LC analytical pump, CTC PAL sample manager and a Quattro Ultima Micromassw mass spectrometer (Waters/Micromass, Milford, MA, USA). A trap column, YMC-Pack ODS-AQ, 12 nm, S-5 mm, 20 Â 2.1 mm ID (YMC Europe GmbH, Schermbeck, Germany) and a SymmetryShield RP8 (3.5 mm, 50 mm Â 2.1 mm i.d.) analytical column from Waters were used for the analysis. The standards and sample extracts were trapped on the trap column with mobile phase A consisting of 15% MeOH, 85% H 2 O and 5 mM ammonium acetate and eluted through the analytical column with mobile phase B consisting of 95% MeOH, 5% H 2 O and 5 mM ammonium acetate, with a total run time of 5 min. The flow through the trap column was 1.0 ml/min and the elution flow rate was 0.30 ml/min.
For detection of D153249, the LC-MS/MS system consisted of a Waters 1525m binary pump, Waters 2777 sample manager and a Quattro Premier Micromassw mass spectrometer (Waters/Micromass, Milford, MA). A SymmetryShield RP8 (3.5 mm, 50 mm Â 2.1 mm i.d.) analytical column also from Waters was used for the analysis. The standards and sample extracts were chromatographed with a gradient mobile phase consisting of 5% MeOH, 95% H 2 O, 5 mM ammonium acetate as mobile phase A and 95% MeOH, 5% H 2 O, 5 mM ammonium acetate as mobile phase B. The steep gradient was 25% B at 0.8 min to 95% B at 1.5 min with a total run time of 4 min. The flow rate was 0.35 ml/min.
The detection of D156844 was accomplished using a LC-MS/MS system consisting of a Waters 1525m binary pump, Waters 2777 sample manager and a Quattro Premier Micromassw mass spectrometer (Waters/Micromass, Milford, MA). A SymmetryShield RP8 (3.5 mm, 50 mm Â 2.1 mm i.d.) analytical column also from Waters was used for the analysis. The standards and sample extracts were chromatographed with a gradient mobile phase consisting of 15% MeOH, 85% H 2 O and 5 mM ammonium acetate as solvent A and 95% MeOH, 5% H 2 O and 5 mM ammonium acetate as mobile phase B. The steep gradient was 5% at 0.8 min to 95% B at 1.5 min with a total run time of 5 min. The flow rate was 0.35 ml/min. b-Galactosidase assay b-Galactosidase activity was measured using the GalactoLight chemiluminescent reporter gene assay (Applied Biosystems, Bedford, MA, USA) according to manufacturer's directions except that the lysis buffer contained 0.1% Triton X-100. Luminescence was monitored using a Luminoskan Ascent luminometer.
Real time RT -PCR
Total RNA was isolated from forebrains and spinal cords from SMND7 SMA mice treated with either D156844 or vehicle for
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Human Molecular Genetics, 2010, Vol. 19, No. 3 5 days using RNeasy Mini columns (Qiagen) according to manufacturer's directions. Quantification of FL-SMN and SMND7 mRNA transcripts was accomplished using real time RT -PCR as described previously (66) with modifications. The amounts of FL-SMN and SMND7 mRNAs were quantified relative to the geometric mean of three housekeeping genes (hypoxanthine phosphorylribosyltransferase, b-actin and RNA polymerase 2A) to minimize the variability in the expression of a single housekeeping gene (67) .
Immunoblot
One hundred micrograms of tissue protein extract were mixed with 0.16 volumes 6Âloading dye (10.28% SDS, 36% glycerol and 0.012% bromophenol blue in 350 mM Tris -HCl, pH 6.8) containing freshly added 100 mM DTT and resolved through a 12% polyacrylamide gel containing 0.1% SDS. Samples were then transferred onto a PVDF membrane via electroblotting. The resultant blots were incubated in 1Â blocking buffer [5% non-fat milk, 1% BSA in PBST (0.2% Tween-20 in PBS)] overnight at 48C and then with a primary antibody diluted in 0.2Âblocking buffer for 1 h at room temperature. For detection of SMN protein, a mixture containing equivalent amounts of the following mAbs was used: 8F7 (MANSMA2), 1F1 (MANSMA21), 5E3 (MANSMA13) and 7Q12 (MANSMA19) (68) . This SMN cocktail was used at a titer of 1:500. After extensive washing with PBST (3 Â 10 min), the blots were incubated with a horseradish peroxidase-conjugated goat anti-mouse secondary antibody (1:1000) diluted in 0.2Âblocking buffer for 1 h at room temperature, washed extensively as above and the bound antibodies were detected by chemiluminescence (ECL Western Blotting Detection Reagents, Amersham Biosciences). To confirm equal loading of protein in each lane, the blots were stripped and reprobed using a mouse anti-b-actin mAb (1:20 000; clone AC-15, Sigma-Aldrich). Band intensities were measured using ImageJ (Scion Corp.).
snRNP assembly
Preparation of mouse tissue extracts and snRNP assembly experiments were carried out essentially as previously described with minor modifications (69) . The amount of immunoprecipitated U1 snRNAs was quantified using a STORM 860 Phosphorimager (Molecular Dynamics) and the ImageQuant version 4.2 software.
Histology
SMND7 SMA mice and carrier littermates were treated with D156844 (3 mg/kg/day) or vehicle beginning at PND04 until PND11. Treated mice were anesthetized with 2.5% Avertin and then transcardially perfused with ice-cold PBS following by 4% paraformaldehyde in sodium phosphate buffer (100 mM Na 2 HPO 4 and 100 mM NaH 2 PO 4 , pH 7.4). The lumbar spinal cords were postfixed with 4% paraformaldehyde in sodium phosphate buffer overnight at 48C followed by cryoprotection with 30% sucrose in ddH 2 O overnight at 48C. The lumbar spinal cords were sectioned coronally at a thickness of 25 mm using the MultiBrainw Technology by NeuroScience Associates (Knoxville, TN, USA). Every 12th section block was mounted onto a glass slide and stained with 1% Cresyl violet as described by Le et al. (22) .
Statistical analysis
Data are expressed as means + standard errors. Kaplan-Meier curves were generated from the survival data and tested using the Mantel -Cox log rank test. All statistical analyses were performed with SPSS v.17.0. 
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